Ten new thermosensitive (ts) mutants of alfalfa mosaic virus (AMV), a plant virus with a tripartite genome, are described. Stable ts mutants were induced by u.v. irradiation of purified middle (M) component. Mutants were isolated by subculturing in bean plants (instead of in the usual plant host, tobacco), in which unstable ts mutants apparently arise spontaneously. As well as ts mutants, we found a mutant which in contrast to the parent strain (AMV 425) was able to infect bean plants systemically. As expected, all stable mutations mapped on M component. Complementation analysis confirmed the presence of two complementation groups on M component. This complementation is probably intracistronic. Furthermore, we found that mutants belonging to the same complementation group often interfered with the multiplication of each other, even at the permissive temperature. Taken together, these results could suggest that the product directed by AMV RNA 2 (the RNA inside M component) has two functional domains and is active in a multimeric form.
INTRODUCTION
Although the size and composition of the genomes of a number of plant viruses (Matthews, 1979) , and also the size of the proteins directed by the(se) RNA(s) in a cell-free system (Davies, 1979; Atabekov & Morozov, 1979; Van Vloten-Doting & Neeleman, 1982) , are known our knowledge about the function of the virus-coded proteins is very limited. To elucidate the details of the replication process of a virus, conditional lethal mutants are of great potential value. Systematic studies with thermosensitive (ts) mutants of plant viruses are scarce (Bancroft et al., 1972; Dawson, 1978 Dawson, , 1981 Dawson & White, 1978 , mainly due to the fact that there are no easy selection methods. Alfalfa mosaic virus (AMV) is a plant virus with a tripartite genome; the three genomic RNAs (1, 2 and 3) are separately encapsidated into bottom (B), middle (M) and top component b (Tb) respectively (Van Vloten-Doting et al., 1970; Bol et al., 1971) . From 13 ts mutants only three mapped on M component (Van Vloten-Doting et al., 1980) and were designated Mts. Complementation analysis indicated that these mutants might represent two complementation groups. To obtain more proof about the number of complementation groups on M component, we selected a new set of Mts mutants and confirmed the presence of two complementation groups. Furthermore, interference was found between mutants belonging to the same complementation group.
METHODS
Methods were as described previously (Van Vloten-Doting et al., 1980) except that some modifications were introduced as follows.
Single lesion transfer. Single lesion transfer was performed on bean plants (Phaseolus vulgaris L. var. 'Berna') instead of on tobacco leaves. This has the advantage that: (i) much larger numbers of isolates can be subcultured; (ii) local lesion development takes only 2 days; (iii) lesions are more readily observed. Single lesion transfer on bean plants was performed by rubbing the separated local lesion in one droplet of PEN buffer (0-01 M-NaH2PO4, 1 mM-EDTA, 1 mM-NaN 3 pH 7) on a carborundum-dusted bean leaf.
Determination of ts character of virus production in tobacco. Isolates were called ts when the virus yield (deter-mined by local lesion assay on bean plants) at 30 °C was less than 5 ~ of that at 23 °C (previously 1 ~). (See also Fig.  1 .) Determination of ts character of local lesion induction in bean, Bean plants were preincubated for at least 2 h, inoculated and incubated at 23 or 30 °C respectively. Isolates were called ts when the number of local lesions found at 30 °C (counted after 3 days) was less than 10~ of the number found at 23 °C.
RESULTS

Induction of mutants
Samples consisting of purified M component irradiated with u.v. light for different lengths of time were inoculated on to bean leaves after addition of non-irradiated B and Tb components. Table 1 shows that u.v. irradiation strongly decreased the infectivity. The loss of infectivity found for M component is comparable to that found previously for Tb component (Van VlotenDoting et al., 1980) , which is as expected since the target size is about the same (Heijtink et al., 1977) . From all samples a number of local lesion isolates were carried through at least three single lesion transfers on bean plants before inoculation on to tobacco leaves. All isolates which established infection on tobacco plants were immediately assayed for temperature sensitivity in tobacco leaf discs (schematically depicted in Fig. 1 ). Table 1 shows a higher number of isolates subcultured from control (non-irradiated) virus to be temperature-sensitive when tested directly after transfer to tobacco. The ts character of only one isolate was maintained upon prolonged cultivation (3 to 6 weeks, with weekly transfers) in tobacco plants. The number of isolates with a ts character on tobacco, measured directly after transfer from bean to tobacco, was significantly higher in the lines originating from irradiated virus than in those from the control (Fisher test, P = 0.04). Upon cultivation in tobacco leaves a number of isolates lost their ts character. Proportionally, this number of unstable ts isolates is not different from that of the control, while the number of stable ts isolates is significantly higher (P = 0.01). All isolates originating from irradiated virus were also tested for ts character of local lesion induction in bean. Two out of the seven isolates that were ts on tobacco leaves were also ts on bean. Furthermore, we found two mutants which only displayed a ts defect in local lesion induction in bean. Therefore, we now designate mutants with the first letter of the host on which they are ts. Differences in thermosensitivity of mutants in different hosts were also encountered in our previous study with AMV mutants (Van Vloten-Doting et al., 1980) , as well as with mutants of a number of other plant viruses (cowpea chlorotic mottle virus : Bancroft et al., 1972; tobacco rattle virus: Robinson, 1973; tobacco mosaic virus: Dawson & Jones, 1976) and several animal viruses (Lee & Miller, 1979; Israel, 1980; Kowal & Stollar, 1981) .
The appearance of unstable ts isolates in this experiment is probably due to a host passage effect [virus normally maintained in tobacco--, bean (4 x ) --, tobacco], since in previous work we subcultured 49 AMV isolates on tobacco plants and none of these lines showed a ts character (Van Vloten-Doting et al., 1980) .
Supplementation test
To check the localization of the ts defect a supplementation test was performed with six of the mutants ( Table 2 ). As expected, in all cases the ts defect mapped on M component. The only stable isolate originating from the control virus also mapped on M component [Mts 13(s)t] . From this we deduced that one of the mutants originating from the irradiated virus might be a spontaneous mutant. Supplementation tests with a mutant which induces deviating symptoms on bean plants (see below) showed that this mutation also mapped on M component (Fig. 2) .
Symptoms on tobacco and bean plants
All isolates induced symptoms in tobacco which were indistinguishable from those induced by wild-type (wt) AMV 425. The fact that none of the new isolates induced necrotic symptoms on tobacco leaves might suggest that the three Mts mutants, which induce necrotic symptoms in tobacco (Van Vloten-Doting et al., 1980) , could also carry the mutation(s) on other component(s). In view of the origin of these mutants this would not be too surprising (Van VlotenDoting et al., 1980). were punched at random out of five tobacco leaves directly after inoculation, and placed in preincubated buffer (0.01 M-NaH2PO4 pH 7). After 5 days under continuous light (3000 lux TL no. 33) discs were homogenized in 2 ml PEN buffer, and four serial dilutions of the homogenate were assayed on bean. :~ A volume of irradiated M component was combined with an equal volume of B + Tb components (10 #g/ml each) and inoculated in an incomplete block on bean leaves. M component or the mixture of B + Tb components alone were not infectious. Values represent (local lesions of irradiated sample/local lesions of control sample) x 100.
§ ND, Not determined. 
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• jea I ue0q polg!IOJ!a, e uo q(^n)I ls,fsIAI lluelntu ~uoldm,~s aql ,~q poonpu! stuoldtu,¢ S (q) 'sno!laoju! lou aaaa sluauodtuoa qj. ~,~ pue IN lax 'liI 1~ jo suo!l~aedoa d "smo~dtu£s jo od£1 oql aauanlJU! lou p!p sluauodtuoa I~I 1A~ ao q I 1~ 'aoJjnq N~td jo uo!l!ppv seoaaqA~ suo!sa I I'eoo I a!lo.loou jo ooueaeodde aql u! palInsaa luauodtuoa IAI 1A~ JO uo.tl!ppv 'qdea~ In bean plants most isolates induced (like wt) necrotic local lesions and no systemic infection. One of the mutants with a ts defect in local lesion induction showed a delayed appearance of local lesions at the permissive temperature. Another isolate induced faint chlorotic spots on the primary leaves at 23 °C (which appeared later than wt local lesions) as well as chlorosis on the trifoliated leaves (Fig. 2) . By supplementation test it was shown that the information for systemic infection on bean was located on the M component, which is in accordance with the results of Dingjan-Versteegh et al. (1972) . This isolate, called Msyst l(uv)b (mutation on M, systemic infection of bean, isolate 1, u.v.-induced), lost its ts character upon cultivation in tobacco but kept its ability to infect bean plants systemically.
Msyst 1 (uv)b will frequently induce, as well as systemic chlorosis, a small number of necrotic local lesions. Subculturing of these necrotic lesions resulted in stable isolates which only induce local lesions. We have never observed the reverse situation, i.e. the appearance of systemic chlorosis in beans inoculated with isolates which induce local lesions. The frequent appearance of a small percentage of deviating symptoms has also been observed for another AMV strain, YSMV (J. Roosien & L. Van Vloten-Doting, unpublished results) and for cowpea mosaic virus mutants (De Jager, 1978) .
Virus production of mutants at 30 °C due to leakiness or reversion ?
To investigate whether the virus produced by some mutant isolates at the restrictive temperature is the result of leakiness or reversion, we analysed the ts character of virus grown in plants kept at 23 or 30 °C. The temperature in the intact leaves will be slightly below ambient temperature (Robinson, 1973) , and therefore below the non-permissive temperature; this will enhance the production of mutant virus. There was no significant difference in the ts character of the preparations grown at different temperatures (Table 3) . This indicates that, at least for these isolates, the virus produced in plants kept at 30 °C is mainly due to leakiness.
Complementation and interference between Mrs mutants
Complementation tests were performed with all M component mutants ts on tobacco. Initially, the results were expressed as virus production ratio, i.e.
(virus production at 30 °C/virus production at 23 °C) x 100, since only virus production in discs taken from the same tobacco leaves incubated at different temperatures and assayed on the same bean leaves are compared (Fig. 1) . Although several combinations of mutants showed complementation, the results were extremely variable between different experiments. During these experiments we noticed that some combinations of mutants produced much less virus than expected at 23 °C (calculated from the virus produced by each of the mutants alone). However, when virus produced by different mutants and combinations of mutants were compared, we compared virus produced in different sets of tobacco plants and assayed on different bean plants. It is well known that different plants vary substantially in their sensitivity for virus infection. In a control experiment with wt AMV we found that virus * Values represent virus production in tobacco leaf discs measured by local lesion assay on bean as described previously (Van Vloten-Doting et al., 1980) . Values in parentheses are those expected if there is no interaction between mutants [production by mixture = (production by mutant X + production by mutant Y)/2]. (28) * Values represent virus production in tobacco leaf discs measured by local lesion assay as described previously (Van Vloten-Doting et al., 1980) . Values in parentheses are those expected if there is no interaction between mutants [production by mixture = (production by mutant X + production by mutant Y)/2]. production measured on different plants could vary by a factor of 4. In Table 4 , examples 1 to 4, it is shown that for certain combinations of ts mutants the difference between the measured and the expected virus production at 23 °C is much larger than a factor of 4. Apparently, there is some kind of interference between these mutants. Example 5 is a combination of a non-ts mutant with a ts mutant; in this case, interference at both temperatures was found. None of the mutants interfered with the multiplication of wt (e.g. example 6). Since inoculation of mixtures of mutants directly on to bean leaves resulted in the number of local lesions expected, the interference described above takes place during virus multiplication in tobacco.
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Complementation of AMV Mts mutants Because of the interference between some Mts mutants the virus production ratio cannot be taken as a reliable parameter for complementation. Therefore, a pair of mutants were considered to complement each other when the virus produced at 30 °C by the mixture was at least 10 times higher than expected (the sum of the virus produced by the two mutants alone divided by 2). Since all values exceeding four times (variation found in control experiments) the expected value could indicate complementation, to be on the safe side we used a factor of 10. In Table 5 a number of examples of complementation between Mts mutants are listed. We have never observed a significantly higher virus production at 30 °C by a pair of mutants which showed interference at 23 °C. Table 6 summarizes the results of several complementation experiments with Mts mutants. The mutants Mrs 5(uv)t, Mts 6(uv)t and Mts 8(uv)t are not included, since they were used in only a few complementation experiments. The mutants listed in Table 6 fall into two groups: (A) 1, 4, 9 and 10; (B) 2, 3 and 7. Combination of mutants belonging to different groups often gives (not always: note the lack of interaction in combinations containing Mts 7) complementation, while combination of mutants belonging to the same group often (but not always) leads to interference. DISCUSSION AMV seems to be rather sensitive to host shifts since, for virus grown in tobacco, four passages in bean resulted in the appearance of a high percentage of ts isolates. Upon cultivation of these isolates in the original host (tobacco) most of the isolates lost their ts character again. For a number of plant viruses reversible changes in several properties have been observed upon passages in different hosts (see Yarwood, 1979) . During virus multiplication there is always a low level of spontaneous mutation (Fulton, 1952; de Jager, 1978; Donis-Keller et al., 1981) . In the original host most of the mutants will have a disadvantage compared to wild-type; however, during passages in another host, mutants better adapted to this host may be selected. The fact that the host passage effect is reversible might indicate that the mutations involved in this phenomenon are located at 'hot spots'. The appearance of unstable ts mutants upon passage of AMV through bean plants nullifies the advantages of bean plants in single lesion transfers. In future experiments changes in host will be avoided.
In the present study, we found strong interference between several Mts mutants. The fact that multiplication of both mutants is inhibited at the permissive temperature suggests that interference takes place during the replication of virus in the primary infected cell and is not due to exclusion of one mutant by the other during infection of the neighbouring cells; Hull & Plaskitt (1970) showed that two AMV strains can multiply simultaneously in the same cell. There is a substantial literature about interference. Most reports describe the interference observed when two virus preparations are inoculated at different times, which with plant viruses is often termed cross-protection (Matthews, 1970) . There are very few reports about interference between viruses or mutants of viruses when inoculated simultaneously (Siegel, 1959; Wu & Rappaport, 1961 ; Schaffer et al., 1978; Sugita, 1981) . In contrast to the results obtained with AMV, interference between wt and ts mutants at the permissive or non-permissive temperature has been reported for several animal viruses (Preble & Youngner, 1973 ; Stollar et al., 1974; Chakraborty et al., 1979) . The level of interference possibly depends upon the specific conditions of the test system. Another factor influencing the level of interference is the m.o.i. (Wu & Rappaport, 1961 ; Ledinko, 1963; Sugita, 1981) . In the case of a multicomponent virus probably only the concentration of the component responsible for interference is of interest. Ideally, the concentration of biologically active M component should be constant in all experiments; unfortunately, this is technically impossible.
Due to interference between mutants the virus production ratio used previously is not always a reliable parameter. Fortunately, the three Mts mutants studied earlier (Van Vloten-Doting et al., 1980) showed no interference, so that the earlier conclusion that Mts l(ni)t belongs to another complementation group than Mts 2(uv)t and Mts 3(uv)t,b is still valid. Moreover, this is confirmed in the present study.
Since a larger number of Mts mutants were investigated, a more detailed picture of the product(s) directed by RNA 2 emerges. The simplest explanation for the results from Table 6 would be that RNA 2 codes for a protein which is active in a multimeric form and which has two functional domains. This idea is based on the following. (i) It functions as a multimer because combinations of mutants within each group often interfere. In heteropolymers of subunits with different mutations in the same domain, the interaction between these subunits may lead to a decrease in the activity of the polymer, even at the permissive temperature. A comparable situation was encountered, for example, in the DNA polymerase cistron of herpes virus (Honess, 1981) . (ii) It is one protein with two functional domains, since not all combinations of mutants belonging to different complementation groups will complement each other, as would be expected if the primary translation product was processed into two functional units. Thus, the complementation with the Mts mutants is intracistronic. Intracistronic complementation is, for example, found for influenza virus (Heller & Scholtissek, 1980; Thierry & Spring, 1981 ; Thierry et al., 1980) . Two other observations might support this proposal. (i) The mol. wt. of the in vitro translation product of AMV RNA 2 estimated by gel filtration under non-denaturating conditions, is much higher than that of the monomer (Van Tol, 1981) . (ii) For brome mosaic virus, a plant virus belonging to the same family as AMV , there is no evidence for post-translational processing, since in BMV-infected protoplasts proteins with the same mol. wt. as in the in vitro translation products were detected (Okuno & Furusawa, 1979; Sakai et al., 1979; K iberstis et al., 1981) . The location of the mutation within a domain is very important for the interaction between subunits of a multimeric protein. It is conceivable that the frequent interference found in combinations containing Mts 1 (Table 6 ) might be due to the fact that the Mts 1 mutation (also at the permissive temperature) severely disturbs the proteinprotein interactions. The lack of such interactions in combinations containing Mts 7 might indicate that this mutation affects the structure of both domains at the non-permissive temperature, whereby only the interaction with Mrs 9 protein results in a partial restoration of function. Analysis of protoplasts infected with mutants of the two complementation groups might reveal more details about the role of the RNA 2 product in the virus replication cycle.
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